The NHANES has monitored folate status of the U.S. population from prefortification (1988)(1989)(1990)(1991)(1992)(1993)(1994) to postfortification (1999)(2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007)(2008)(2009)(2010) by measuring serum and RBC folate concentrations. The Bio-Rad radioassay (BR) was used from 1988 to 2006, and the microbiologic assay (MBA) was used from 2007 to 2010. The MBA produces higher concentrations than the BR and is considered to be more accurate. Thus, to bridge assay differences and to examine folate trends over time, we adjusted the BR results to be comparable to the MBA results. Postfortification, assay-adjusted serum and RBC folate concentrations were 2.5 times and 1.5 times prefortification concentrations, respectively, and showed a significant linear trend (P , 0.001) to slightly lower concentrations during 1999-2010. The postfortification prevalence of low serum (,10 nmol/L) or RBC (,340 nmol/L) folate concentrations was #1%, regardless of demographic subgroup, compared with 24% for serum folate and 3.5% for RBC folate prefortification, with substantial variation among demographic subgroups. The central 95% reference intervals for serum and RBC folate varied by demographic subgroup during both pre-and postfortification periods. Age and dietary supplement use had the greatest effects on prevalence estimates of low folate concentrations during the prefortification period. In summary, the MBA-equivalent blood folate concentrations in the U.S. population showed first a sharp increase from pre-to postfortification, then showed a slight decrease (17% for serum and 12% for RBC folate) during the 12-y postfortification period. The MBA-equivalent pre-and postfortification reference concentrations will inform countries that plan folic acid fortification or that need to evaluate its impact. J. Nutr. 142: 886-893, 2012. 
Introduction
The folate status of the U.S. population has been assessed for many years as part of the NHANES by measuring serum and RBC folate concentrations, first (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) with the Bio-Rad radioassay (BR) 9 , and then (2007-2010) with the microbiologic growth assay (MBA) using Lactobacillus rhamnosus (formerly known as Lactobacillus casei) (1) . Because the MBA produces much higher concentrations than does the BR (2-4), a 2010 roundtable of experts on NHANES folate and vitamin B-12 measurement issues agreed "that an adjustment equation based on a crossover study was necessary for time-trend evaluations" (5) . The MBA is considered more accurate because it recovers folate vitamers equally, which is not always the case with clinical protein-binding assays (3, 4, 6) . The MBA is sometimes used in research studies and population surveys other than NHANES because it requires only small sample volumes, can be conducted in a high-throughput format, and is a comparatively inexpensive assay (7) . It is also the assay against which the accuracy of other assays is evaluated (5, 8) . For all of these reasons, it is of interest to scientists and public health officials worldwide to have information on pre-and postfortification folate status of the U.S. population based on MBA-equivalent serum and RBC folate data.
Previous reports have assessed the impact of folic acid fortification on serum and RBC folate concentrations in the general U.S. population and in women of childbearing age during the first few years postfortification by using data generated with the BR (9) (10) (11) (12) . No reports are yet available for data generated after 2006 or by expressing the data as MBA-equivalent concentrations.
In this article we present the newest serum and RBC folate data generated with the MBA for NHANES 2007-2010 and the new MBA-equivalent blood folate data for 8 previous postfortification years (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) and 6 prefortification years (1988-1994) by sociodemographic variables. We present long-term trends in folate status of the U.S. population and provide prevalence estimates of low blood folate concentrations for pre-and postfortification time periods. Last, we provide multistratified central 95% reference intervals by age, gender, and race/ethnicity for prefortification, early postfortification (1999) (2000) (2001) (2002) (2003) (2004) , and late postfortification (2005-2010) time periods. A separate article describes the process by which the BR data were adjusted to MBA-equivalent data and the impact of the adjustment (13) .
Participants and Methods
Survey design and participants. The NHANES, which is conducted by the National Center for Health Statistics (NCHS) at the CDC, collects cross-sectional data on the health and nutritional status of the civilian noninstitutionalized U.S. population (14) . Prior to 1999, the survey was conducted periodically; since 1999, NHANES has become a continuous survey with data released in 2-y cycles. NHANES obtains a stratified, multistage, probability sample designed to represent the U.S. population on the basis of age, gender, and race/ethnicity. The race/ethnicity categories are based on self-reported data. NCHS personnel first interview survey participants in their homes. During this household interview, interviewers collect information on demographic characteristics, dietary supplement use, and some health-related issues. Participants undergo a physical examination and blood collection in a Mobile Examination Center ;1-2 wk after the household interview. They also complete a 24-h dietary recall. All respondents provided informed consent, and the NHANES protocol was reviewed and approved by the NCHS Research Ethics Review Board. Interview and examination response rates for each survey period are publically available (15) .
Laboratory methods. During NHANES 2007-2010, whole-blood hemolysate and serum samples from participants aged $1 y were analyzed for folate by the CDC laboratory by use of the MBA method (16, 17) . A short description of the assay and of steps conducted to verify the comparability of results over time is provided elsewhere (13, 18) . Long-term quality-control CV for serum folate were 5.9-10% for 2007-2008 and 4.7-8.5% for 2009-2010 (19, 20) . For RBC folate, CV were 8.0-14% for 2007-2008 and 7.5-8.2% for 2009-2010 (19, 20) . The Bio-Rad Quantaphase I radioassay was used during 1988-1991 and the Quantaphase II was used during 1991-2006 (Bio-Rad Laboratories). Appropriate assay adjustments were applied to the 1988-1991 folate data before their public release to account for method differences between the Quantaphase I and II (21) . The performance of the BR has been discussed in previous reports (2, 10) . Long-term CV were 4.0-7.0% for serum folate and 4.0-6.0% for RBC folate (10) .
Statistical analyses. Statistical analyses were performed by using SAS (version 9; SAS Institute, Inc.) and SUDAAN (version 9; RTI International) software. In each NHANES survey period we used sample weights to account for differential nonresponse or noncoverage and to adjust for oversampling of some groups. We used the following age groups: 4-11 y (children), 12-19 y (adolescents), 20-59 y (adults; in some analyses 20-39 y and 40-59 y), and $60 y (older persons; in some analyses 60-79 y and $80 y). Women of childbearing age (15-44 y) were considered as a separate category for most analyses. We used the 3 main race/ethnicity categories Mexican American (MA), non-Hispanic black (NHB), and non-Hispanic white (NHW) that can be compared over the time period covered in this analysis, but we included other racial/ethnic groups in overall estimates.
We applied regression equations to serum and RBC folate results analyzed by the BR during 1988-2006 to derive MBA-equivalent data (13, 16, 17) . This allowed the assessment of long-term trends in folate status that were unconfounded by assay differences over this long time period. The BR measured folate concentrations that were 31% lower than those from the MBA for whole-blood samples with the MTHFR (5,10-methylenetetrahydrofolate reductase) T/T genotype, but 48% lower for samples with the C/C and C/T genotypes (4). This is because the BR recovered the various folate forms differently compared with the MBA assay (4) . MTHFR genotype information is not available for NHANES participants. We could therefore not use genotype-specific regression equations and had to use an "all genotype" equation (13) .
The only participants excluded from our analyses were those for whom data were missing: we excluded 2 participants in 1988-1994 because their unadjusted serum folate concentrations were ,1 nmol/L and the adjustment formula requires logarithmic transformation (which produces a negative number) and then calculating the square root. Also, we excluded a small fraction because the RBC folate adjustment formula requires serum folate, RBC folate, and hematocrit, and for these participants one of these tests was missing. All analyses presented in this article were performed by using MBA-equivalent data.
We determined pre-and postfortification geometric mean blood folate concentrations by sociodemographic variables [age, gender, race/ethnicity, and family poverty-to-income ratio (PIR)] and dietary supplement use, which are variables known to influence blood folate concentrations. We used geometric means because distributions of blood folate concentrations were skewed. For the postfortification time period (1999-2010), we also determined geometric means by survey period. The prefortification time period (1988) (1989) (1990) (1991) (1992) (1993) (1994) was considered one survey period. We tested which of the variables had a significant effect on blood folate concentrations by using simple linear regression: we used PROC REGRESS in SUDAAN (RTI International) with a subgroup statement, and we used EFFECT statements to test each hypothesis. We limited the postfortification blood folate data to 1999-2008 when we evaluated the effect of supplement use because dietary supplement use information is not yet available for 2009-2010. By using multiple linear regression, we evaluated whether adjustment for the above variables had an effect on the relationship between blood folate concentrations and each variable of interest. Model 1 included the sociodemographic variables for prefortification data and the sociodemographic variables and survey period for postfortification data (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) . Model 2 included the sociodemographic variables and supplement use for prefortification data and the sociodemographic variables, supplement use, and survey period for postfortification data (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) . All statistical comparisons were evaluated at a significance level of a = 0.05.
To visualize pre-and postfortification trends, we plotted the median and IQR of serum and RBC folate concentrations for 1988-2010 by survey period. We described trends of the upper end of the serum and RBC folate distributions over time by plotting the 95th percentile concentrations for 1988-2008 by survey period and by supplement use.
We used the WHO-recommended cutoffs of ,10 nmol/L for serum and ,340 nmol/L for RBC folate (22) to assess low folate status, and we determined the proportion of low serum and RBC folate concentrations for pre-and postfortification data by sociodemographic variables and dietary supplement use. We also determined proportions by survey period for the postfortification time period.
Because blood folate concentrations varied by age, gender, and race/ ethnicity, we calculated multistratified central 95% reference intervals (2.5-97.5th percentiles) for the prefortification (1988-1994), early postfortification (1999) (2000) (2001) (2002) (2003) (2004) , and late postfortification (2005-2010) periods. Six years of NHANES data provided a sufficient sample size to allow 3 levels of stratification and still exceed a cell size of 448 in the majority of subgroups. This cell size is needed for robust estimates of the 2.5th and 97.5th percentiles at an assumed mean design effect of 1.4. We plotted frequency distribution curves of MBA-equivalent serum and RBC folate concentrations for the pre-, early post-, and late postfortification periods.
Results
Variables influencing blood folate concentrations. During the prefortification period, age, gender, race/ethnicity, PIR, and supplement use affected serum and RBC folate concentrations (P # 0.001) ( Table 1) . All effects were maintained after we Pre-and postfortification trends in serum and RBC folate 887 and survey period for postfortification data (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) . 5 Test comparing males and females. 6 Test comparing group means across race/ethnicity categories. 7 Test of linear trend across PIR categories. 8 Geometric means by dietary supplement use were limited to data from 1999-2008 for the postfortification period. 9 Test comparing group means across supplement use categories. 10 Test of linear trend across survey periods.
adjusted the prefortification serum and RBC folate concentrations for sociodemographic variables (P-model 1 # 0.001). However, when we also adjusted for supplement use, the difference between males and females in prefortification RBC folate concentrations disappeared (P-model 2 = 0.98), whereas all other effects remained significant. During the postfortification period, age, gender, race/ethnicity, PIR, and supplement use had a significant (P , 0.001) effect on serum and RBC folate concentrations ( Table 1) . All effects were maintained after we adjusted the postfortification serum and RBC folate concentrations for sociodemographic variables and survey period (P-model 1 , 0.001) or for sociodemographic variables, survey period, and supplement use (P-model 2 , 0.001; data limited to 1999-2008).
Postfortification geometric means showed a significant (Ptrend , 0.001) linear trend to lower concentrations from 1999 to 2010, with serum and RBC folate declining up to 17% and 12%, respectively, from 1999-2000 to 2009-2010 ( Table 1 ). The linear trend remained significant for serum and RBC folate after adjustment for sociodemographic variables (P-trend model 1 , 0.001) or when additionally adjusted for supplement use (Ptrend model 2 , 0.001; data limited to 1999-2008), indicating that potential changes in these variables over time did not explain the decrease in blood folate concentrations.
Long-term trends in blood folate concentrations. Geometric mean serum and RBC folate concentrations postfortification were 2.5 times and 1.5 times prefortification concentrations, respectively ( Table 1) . Median serum and RBC folate concentrations sharply increased from pre-to postfortification, then showed small fluctuations during 12 y of postfortification (Fig.  1) . The upper end of the serum and RBC folate distributions (95th percentiles) showed--as expected--an increase from preto postfortification in both users and nonusers of dietary supplements, and then small fluctuations from 1999 to 2008 (Fig. 2) . During each survey period (pre-and postfortification), serum folate concentrations were ;30 nmol/L higher in supplement users than in nonusers, and RBC folate concentrations were ;750 nmol/L higher.
Pre-and postfortification prevalence estimates of low blood folate concentrations. The prefortification prevalences of low serum (,10 nmol/L) and RBC (,340 nmol/L) folate concentrations were 24% and 3.5%, respectively ( Table 2) . Prevalence varied by demographic subgroup, with the biggest difference observed in different age groups: compared with all other age groups, children (age 4-11 y) had the lowest prevalence (2.8% for serum and 0.7% for RBC folate), whereas young adults (age 20-39 y) had the highest prevalence (33% for serum and 4.5% for RBC folate). The difference in prevalence between supplement users (13.5% for serum and 1.5% for RBC folate) compared with nonusers (37.2% for serum and 5.7% for RBC folate) was also high. Postfortification, the prevalence of low serum and RBC folate concentrations was very low (generally #1%), regardless of age, gender, race/ethnicity, PIR, dietary supplement use, or survey period ( Table 2) .
Reference intervals and distributions of blood folate concentrations for pre-, early post-, and late postfortification time periods. We combined 6 y each of NHANES serum ( Table  3 ) and RBC folate ( Table 4 ) data to allow the generation of multistratified central 95% reference intervals by age, gender, and race/ethnicity. For children (age 4-11 y) and adolescents (age 12-19 y), we observed little difference in serum folate reference intervals between males and females (pre-and postfortification), race/ethnic groups (pre-and postfortification), and early versus late postfortification periods. For adults (age 20-59 y) and older persons (age $60 y), we observed little change in serum folate reference intervals from early to late postfortification. However, women generally had higher serum folate concentrations than did men (pre-and postfortification) and NHW persons had higher concentrations than did NHB or MA persons (pre-and postfortification).
We noticed different effects for RBC folate reference intervals. Regardless of age, we observed race/ethnicity differences (pre-and postfortification), with NHW persons having higher RBC folate concentrations than NHB and MA persons. Also, regardless of age for most subgroups, we observed a slight decrease in RBC folate reference intervals from early to late postfortification.
The frequency distribution curves of serum and RBC folate concentrations showed a distinct shift of the entire distribution to higher concentrations from the pre-to the early postfortification period, then a minor shift to slightly lower concentrations from the early to the late postfortification period for serum folate, but hardly any change in RBC folate (Fig. 3) . To allow a detailed review of multistratified (by age, gender, and race/ 
Discussion
To our knowledge, this article presents the first analysis of more than a decade of post-folic acid fortification trends in serum and RBC folate in a representative sample of the U.S. population aged $4 y using MBA-equivalent data. The evaluation of data from 12 y postfortification (1999-2010) and comparing it with prefortification (1988) (1989) (1990) (1991) (1992) (1993) (1994) data was only possible because of the availability of regression equations that allowed us to express all data on an MBA-equivalent basis, even though some of the data (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) were generated with the BR (13) . Two past (21, 23) and one recent (5) expert panel who assessed changes in folate assays as well as a recent expert panel on 25hydroxyvitamin D assays (24) have all come to the conclusion that when laboratory methods change, data need to be adjusted to allow for meaningful interpretation and trend analysis. The new MBA-equivalent data allow U.S. public health officials for the first time to directly assess the prevalence of inadequate blood folate concentrations pre-and postfortification by using updated cutoffs from a 2005 WHO Technical Consultation (22) .
The data also allow officials in other countries where the MBA is used to compare their country-specific population data to those of the U.S. population. However, other countries that evaluate the impact of fortification must also consider the extent of their fortification (e.g., food vehicles and levels of fortification) and the percentage of their population that fortification is reaching when comparing biomarker data.
We confirmed findings from previous analyses (9) (10) (11) (12) 25 ) that showed differences in blood folate concentrations by sociodemographic subgroup. The new finding in this analysis is that the difference in prefortification RBC folate concentrations between males and females disappeared after adjustment for supplement use. It has been shown that a higher percentage of females use supplements compared with males (26) , and this (13, 16, 17) . Error bars represent 95% CIs. Sample sizes (n) were the same as shown in Figure 1 . pctl, percentile. Serum folate ,10 nmol/L may explain the higher blood folate concentrations we observed in females. However, during postfortification, when RBC folate concentrations were ;50% higher in both males and females compared with the prefortification time period, adjustment for supplement use did not remove the gender difference. The relative increases in serum (2.5 times) and RBC (1.5 times) folate concentrations from pre-to postfortification using MBA-equivalent data were very similar to earlier reports using the original BR data (10, 12) . Those reports, limited to 6 y (1999-2004) and 8 y (1999-2006) of postfortification data, found a significant linear trend showing slightly lower concentrations during the postfortification period and discussed potential reasons for the decrease, such as changes in consumer behavior and reduced folate content of fortified breads. The yearly USDA per capita disappearance data also show a slight decline in daily per capita dietary folate equivalents (DFE) between 2000 (927 DFE) and 2006 (874 DFE), supporting the idea that the declining postfortification blood folate concentrations could be explained by declining intakes (27) . Our analysis showed that adjustment for potential changes in sociodemographic variables and dietary supplement use over the course of 12 y postfortification did not explain the decreases in serum and RBC folate concentrations of #17% and 12%, respectively. Despite this significant decrease, however, the prevalence of low blood folate concentrations remained #1% throughout the entire 12-y time period and did not exceed 1% for any demographic or socioeconomic subgroup. Thus, these declines are unlikely to have biological significance with respect to folate status and are not of public health concern. We have shown that the central 95% reference intervals varied over time as well as with demographic subgroup. This underscores the difficulty of using reference intervals to derive cutoffs for assessing prevalence of low status. The currently \recommended WHO cutoffs for low serum (,10 nmol/L) and RBC (,340 nmol/L) folate concentrations have both been derived from inflection point analyses of cross-sectional data in which the one-carbon metabolite homocysteine, a functional indicator of inadequate folate status, starts to increase (28) . These cutoffs are higher than the traditional cutoffs of ,7 nmol/L for serum and ,305 nmol/L for RBC folate as defined by the 1998 Institute of Medicine Committee that reviewed the DRI for folate (29) . The Institute of Medicine committee used small, conventional metabolic and depletion/repletion studies as the basis for their cutoffs. Even when using the higher, more conservative WHO cutoffs, we found #1% of the U.S. population with inadequate folate status during 12 y postfortification.
For the prefortification time period, it is surprising to see how different the prevalence estimates of low serum (24%) and RBC (3.5%) folate concentrations are, considering that the WHO cutoff for serum folate was derived from the same study population as the cutoff for RBC folate by looking at the value at which an optimum total homocysteine concentration is achieved. Possibly, the different within-person to betweenperson ratios for serum (0.192) compared with RBC (0.043) folate may affect prevalence estimates to some degree because of a wider spread in the tails of the serum folate distribution compared with the RBC folate distribution (1) .
The prevalence of low blood folate concentrations (,10 nmol/L for serum folate and ,340 nmol/L for RBC folate) during prefortification varied by sociodemographic subgroup and was lower in supplement users (14% for serum and 1.5% for RBC folate) compared with nonusers (37% for serum and 5.7% for RBC folate). Data from the Framingham cohort study, which used a slightly higher cutoff for low RBC folate (,363 nmol/L), showed similar prefortification estimates of 1.6% (supplement users) and 4.9% (nonusers) as well as similar postfortification estimates of 0% (supplement users) and 1.9% (nonusers) (30) . A second Framingham cohort analysis (31) , which used a lower cutoff for serum folate (,6.8 nmol/L), showed lower prefortification estimates of 3.9% (supplement users) and 22% (nonusers) but similar postfortification estimates of 0% (supplement users) and 1.7% (nonusers). An MBA was used to measure blood folate concentrations in the Framingham cohort study, which may explain the similarity of prevalence estimates compared to the NHANES MBA-equivalent data.
The major limitation with this analysis relates to the use of statistically adjusted data and was discussed as part of an article that presented equations on how to adjust U.S. pre-and postfortification blood folate concentrations generated by the BR to make them comparable to the MBA (13) . Another limitation is that when we generated the assay-adjusted MBAequivalent RBC folate data, we were not able to use genotypespecific regression equations to account for the different relationship between the BR and MBA assays for samples with the MTHFR T/T genotype compared with the C/C or C/T genotype (13) . The different genotype frequencies by race/ ethnicity make it difficult to provide an accurate description of race/ethnicity differences.
The strengths of this article include the following: its large pre-and postfortification data sets that allow multiple levels of stratification; its design that crosses over multiple postfortification survey periods, allowing a more accurate estimation of folate time trends; its use of cutoffs for low blood folate concentrations that have been updated by WHO; and its results expressed as MBA-equivalents, which makes them directly relevant to the assay method generally accepted as accurate for assessing folate status.
In summary, we have presented the newest serum and RBC folate data generated with the MBA for NHANES 2007-2010 as well as MBA-equivalent blood folate data for 8 previous postfortification years (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) ) and 6 prefortification years (1988) (1989) (1990) (1991) (1992) (1993) (1994) . After the introduction of folic acid fortification, there was a sharp increase in blood folate concentrations, more than doubling serum folate concentrations and increasing RBC folate concentrations by ;50%. Over the next 12 y postfortification, serum folate concentrations decreased by ;17% and RBC folate concentrations by ;12%. These decreases did not affect the very low postfortification prevalence (#1%) of inadequate blood folate concentrations. The current data provide an invaluable cornerstone for U.S. and foreign public health officials in guiding and evaluating folic acid fortification policy and in assessing population folate status.
